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Abstract
Humulus lupulus, a climbing perennial vine, is grown and used extensively in the brewing
industry as a natural preservative and to impart the bitter flavor and aroma typically found in
beer. The flowering cones of the female H. lupulus plant are of particular importance as they
contain the main flavoring compounds, especially the organic compounds known as -acids:
humulone, cohumulone, and adhumulone. There are several known methods for the extraction of
the -acids described here, with the highest yield of 37% on the lab scale from organic solvent
extractions. During the brewing process, these chemicals undergo an isomerization reaction into
the iso--acids: isohumulone, isocohumulone, and isoadhumulone. This reaction is first-order
and proceeds slow enough that it can be monitored by nuclear magnetic resonance (NMR)
spectroscopy. From this, the rate constant, k, at 80 °C was determined to be 2.9x10-3 s-1, although
this value is over 200 times the rate reported in literature. More research is necessary to fully
understand the reason for the elevated rate.
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Chapter 1: Introduction
1.1 - Malting and Brewing
In the most basic terms, the brewing process represents the conversion of the complex
carbohydrates of barley or other grains into alcohol for the production of beer. Figure 1 gives a
visual representation of the basic processes of malting and brewing.

Figure 1. Overview of the basic processes of malting and brewing.1,2
The first three steps seen in Figure 1 describe the malting process, typically carried out by
“maltsters” rather than brewers. Malting mainly revolves around the controlled germination of
grains—typically barley. This germination causes the barley kernel to release enzymes that break
down the walls of the cells that make up the hard inner shell of the kernel, called the aleurone.1
These enzymes also break down the starches of the endosperm, which is undesirable in the
malting process because these starches are ultimately converted into alcohol in the brewing
process. Therefore, the maltster must properly time the germination so that the barley is softened
enough for milling but also that much of the starches remain intact. The malted barley, or malt, is
then dried to stop the germination process at a temperature low enough to inactivate but not
destroy the enzymes.
Brewing begins in earnest with the grinding of malt. The malt is ground into finer
particles that allow for the starch and enzymes contained therein to be easily solvated in water;
1

however, it is important for the barley hulls to remain somewhat intact so that they can form a
filter bed in the next step. After milling, the malt—along with any other additions such as roasted
malt or barley, rice, or corn—becomes known as the grist.1,2
The grist is then placed in a vessel known as the mash tun and mixed with warm water to
reactivate the enzymes needed to convert the starches into simple, fermentable sugars.1 The
mixture at this point is known as the mash. Over the course of approximately 90 minutes, the
temperature of the mash is raised gradually to promote the enzymatic activity. At the end of the
process, the temperature is raised to 76 °C to fully inactivate the enzymes. The resulting sugar
solution, called the wort, is recovered from the spent grains in a vessel called a lauter tun.1 The
wort is then placed in a kettle for the wort boiling step.
The wort boiling, which typically lasts about an hour, is done primarily to extract
flavoring compounds from the hops. In traditional brewing, whole hop cones are added to the
wort. This allows for the plant material to form a filter bed similar to that of the barley hulls in
the mashing step. Many modern breweries utilize processed hop products, such as ground hop
pellets or liquid hop extracts. These products have the benefits of lower transport, storage, and
handling costs, though they do not form a natural filter bed, so a whirlpool is typically used in
the next step. Some of the organic compounds extracted from the hop resins during the boil are
converted into more stable and bitter forms, which will be discussed in further detail later. The
hop essential oils that provide much of the “hoppy” characteristics of certain beers are much
more volatile, though, and hops added at the beginning of the boil will lose all of their essential
oils.1,2,3 Thus, a technique called “late hopping” is commonly employed in which some hops are
added in the last minutes of the boil, so most of their essential oils are retained. To further
increase the hop character, more hops can be added during fermentation or directly to the keg.
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This is known as “dry-hopping.” Typically, any hops added to the keg must be held within a
mesh or cheesecloth bag to prevent hops from coming out of the tap.
Other than extracting flavor from the hops, the wort boil also serves several other
purposes. The boiling slightly concentrates the wort, inactivates any enzymes that may have
survived thus far, evaporates some unwanted flavor molecules, and sterilizes the wort. This
sterilization is due not only to the high heat of the boil itself but also the antimicrobial
compounds extracted from the hops.4-7 Another important result of the boil is the formation of
the trub. The trub is an insoluble matrix formed by the precipitation of most of the proteins and
tannins from the malt and hops. If these proteins were not removed here, they could form a haze
or sediment in the final product.
After boiling, the wort must be clarified and cooled before it can be fermented. Most
modern breweries use a whirlpool to swirl the wort until the trub and any hop plant material is
collected in the center and removed.1 The wort is then cooled using a heat exchanger with cold
water.
While the precise techniques employed can vary greatly from brewer to brewer,
fermentation is the conversion of the wort sugars into alcohol by yeast. An important side
product of fermentation is the generation of carbon dioxide gas, giving the carbonation found in
finished beer. Traditionally, two general strategies were employed and gave distinctive features
that distinguished the two main classes of beer: lagers and ales. Lagers were those brewed using
bottom-fermenting yeast that settles at the bottom of the fermentation vessel. Top-fermenting
yeasts, where the yeast rises to the surface of the liquid, were used to brew ales. These
distinctions have been blurred in modern breweries, as technological advances in the equipment
used have altered the way the yeast is suspended in the solution. The fermentation temperature
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varies depending on the yeast, type of beer, and brewer preferences. Differences also arise in the
finishing process, but a universal characteristic is the removal of the majority of the yeast and
any remaining insoluble proteins. This is typically done either by lowering the temperature to as
close to freezing as possible to cause the cold-sensitive proteins to precipitate, or by using
isinglass—the swim bladders of certain fish—to promote similar precipitation.1 The solids are
removed using various filtering methods, and the finished beer is then packaged for
consumption.

1.2 - Hops Botany and Background
Humulus lupulus—the common hops plant—is grown and used extensively in the
brewing industry to impart the bitter flavor and aroma typically found in beer and to serve as a
natural preservative.3 Belonging to the family Cannabinaceae, there are three dioecious—
separate male and female individual plants within the species—perennial, climbing vine species
that make up the genus Humulus: H. lupulus, H. japonicus, and H. yunnanensis. The H. lupulus
species is used in the brewing process, and H. japonicus is commonly grown as an ornamental
climbing vine in gardens.3,8 Despite its first description in 1936, H. yunnanensis was relatively
unknown and routinely misidentified as H. lupulus due to a superficial resemblance, although the
species is not useful for brewing.3,9
Of particular importance for the brewing industry are the flowering cones of the female
H. lupulus plant. These possess lupulin glands that secrete a resinous yellow powder, lupulin,
which contains the resins, essential oils, and other compounds that are the main brewing
principals that contribute the bitter, floral contribution to beer. The preservative component of
hops also seems to be due to the same brewing principals.4-7 These compounds generate such
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value for brewing purposes that approximately 97% of all hops cultivated worldwide are used for
brewing.3

1.3 - Hops Chemistry
The chemical composition of whole female H. lupulus hop cones is shown in Table 1 as
given by Almaguer et al. and Stevens.3,8 The variance shown in some constituents is dependent
on the hop variety and growing conditions.8,10 Compounds under the total resins category are
those that are soluble in both diethyl ether and cold methanol. This includes hard resins and soft
resins. Hard resins are those that are hexane insoluble and make up a small portion of the total
resin, between 3–5% of the total weight of the dried hops. Xanthohumol, a compound found in
the hard resins, has been implicated in a host of therapeutic and health-promoting properties,
from the treatment of osteoporosis and atherosclerosis to inhibition of HIV-1 and as a potential
cancer prevention agent.11,12 Soft resins are hexane soluble and make up 10–25% of the total
weight. The primary components of the soft resin are the α-acids, β-acids, and the
uncharacterized soft resins. The main α-acids are humulone, cohumulone, and adhumulone with
smaller amounts of prehumulone and posthumulone also being found in hops, and the main βacids are lupulone, colupulone, and adlupulone.
Once thought to contribute no bitterness to finished beer, recent studies have shown a
number of bitter tasting -acid transformation products that may contribute to the flavor.13,14 The
-acids have low solubility in water and, unlike the -acids, do not form isomers during the
brewing process, and therefore, they are not typically found in finished beer in significant
quantities. However, they have been shown to have utility as a natural preservative in the
packaging of fresh foods.4

5

Table 1. Average chemical composition of whole dried H. lupulus hop cones.3,8
Constituent
Total resins
Essential oil
Proteins
Monosaccharides
Polyphenols (Tannins)
Pectin
Amino acids
Waxes and steroids
Ash
Water
Cellulose and other plant material

Amount (%)
15–30
0.5–3
15
2
4
2
0.1
Trace–25
8
10
43

The α-acids are generally known as the main bittering components and as such are very
important for the brewing industry. It is also known that when hops are added during the wort
boiling step of the brewing process, -acids are isomerized into the iso--acids, isohumulone,
isocohumulone, and isoadhumulone, shown in Figure 2. Notably, the iso--acids exist primarily
as two diastereomeric cis and trans iso--acids, which differ stereochemically at carbon 5,
indicated with an asterisk on Figure 2.15 As they are more water soluble than the nonisomerized
-acids, the iso--acids are the species found in the finished beer providing the distinctive bitter
flavor and aroma while comparatively little of the precursor -acids remain. The iso--acids
have also been shown to play an active role in the antibacterial preservative properties of hops.5,6
It is valuable to gain more knowledge of this isomerization process, as this knowledge would be
useful to brewers to calculate the optimal amount and timing of hops addition for a specific final
iso--acid content or level of bitterness and overall “hoppiness.”
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α-acids

iso-α-acids

Figure 2. Chemical structures of hop α-acids and iso-α-acids.

1.4 - Hops Extractions
The extraction of the brewing principals in hops has been useful in the brewing industry
as a way to reduce transport, storage, and handling costs as well as provide a product of
consistent, known composition.1,16 Various extraction techniques exist that produce a range of
products.
The American Society of Brewing Chemists “Hops Method 13” describes the extraction
of hop essential oils by steam distillation.17 This method of extraction gives an oil that is made
up of the various essential oils found in hops.18 However, its usefulness is limited by its long
procedure time, large required sample size, the tendency for the essential oils to undergo
chemical change during the process, and relatively low product yield due to the generally low
essential oil content of hops (0.5–3% weight).3,8,17,18
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When carbon dioxide (CO2) gas is placed under sufficiently high pressure and
temperature past its critical point, it becomes a supercritical fluid, exhibiting properties of both
the gas and liquid phases. The density and viscosity of a supercritical fluid are higher than that of
the gas but lower than the normal liquid, so solid substances are made more soluble and diffusion
and mass transfer occur faster than in the liquid.19 Supercritical CO2 is useful for extraction
purposes as it is a non-polar solvent that is selective for non-polar substances, and its critical
pressure and temperatures (Pc = 73.74 bar and Tc = 31°C) are easily attainable.19,20 The
extraction of - and -acids with supercritical CO2 has been known and used for decades, and
recently, a particular emphasis has been placed on fine-tuning the process to yield higher quality
extracts at a lower cost with less negative environmental impact.20-22 Similarly, standard nonpolar organic solvents—such as toluene, hexane, and dichloromethane—can be used to
selectively extract the non-polar soft resins, including the - and -acids. However, these
solvents are too toxic to be used for extracts for brewing and would only be acceptable for
laboratory use.

1.5 - Nuclear Magnetic Resonance Spectroscopy in the Brewing Industry
Nuclear magnetic resonance (NMR) spectroscopy has been used in the brewing industry
for a variety of applications. NMR spectroscopy has been an especially useful tool for the
detailed characterization of hop components, including the -acids, -acids, their derivatives,
and the compounds in the essential oils such as -caryophyllene, myrcene, and humulene.23-27 Its
relative speed and limited sample preparation requirement have allowed it to be used in quality
control on a range of levels, from the characteristics of the raw materials to the finished
product.28
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1.6 - Measuring -Acid Isomerization Kinetics
It has been established in the literature that the isomerization of the α-acids into their
corresponding iso--acids is a first-order reaction.29,30 A possible mechanism for the reaction as
proposed by Jaskula et al. is shown in Figure 3.29 In their study, Jaskula et al. used high
performance liquid chromatography (HPLC) analysis to measure the reaction of -acids to iso-acids in a wort model system. The model system used was an aqueous buffer solution of 0.1 M
3,3-dimethylglutaric acid and sodium hydroxide with a pH of 5.20. To follow the reaction, an
ethanolic solution of nonisomerized hop extract was added to heated buffer solutions at 80, 90,
or 100 °C, and aliquots were removed at the selected time intervals of 5, 10, 15, 20, 30, 45, 60,
and 90 minutes. These samples were then extracted using liquid-liquid extraction with iso-octane
to isolate -acids and iso--acids and redissolved in ethanol/H3PO4 (99.75/0.25; v/v) for HPLC
analysis. HPLC was performed with external standards for the quantification of both the -acids
and iso--acids, and the progress of the reaction was determined from the relative concentrations
of the compounds. From this, the rate constants and activation energies for the formation of each
individual iso--acid were determined.

9

α-acids

iso-α-acids

Figure 3. Proposed isomerization mechanism of the α-acids.29

10

1.7 - Research Goals
The aim of this study was to use NMR spectroscopy to monitor the isomerization of the
α-acids based on the procedures used by Jaskula et al. A similar wort model system was
employed using a deuterated buffer solution to follow the reaction using NMR on a 1 mL scale.
Precedent for the use of NMR to determine kinetics data can be found easily, as exemplified by
the study by Dougherty et al. that utilized NMR to determine kinetic and thermodynamic data of
the oxidation of L-cysteine.31 As all of the relevant -acids and iso--acids have been thoroughly
characterized by NMR, the reaction can be followed by measuring the formation of iso--acid
peaks in the NMR spectra and the disappearance of α-acids representative peaks. The use of
NMR allowed more structural data to be determined compared to HPLC, which was useful in the
characterization of side products or degradation products.
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Chapter 2: Hop Extractions
2.1 - Extraction Materials
Columbus whole hop cones (17.8% -acids) and UK Kent Golding hop pellets (5.7% acids) were purchased from Adventures in Homebrewing, Ann Arbor, MI. All raw hop materials
were stored in a freezer. Methylene chloride, toluene, and hexane were purchased from Fisher
Scientific.

2.2 - Supercritical CO2 Hop Extraction
Methods
Samples of 0.5–1 g of either Columbus whole hop cones or UK Kent Golding hop pellets
were shredded or crushed and placed in an empty tea bag. The tea bag was placed in either a 15
mL or 50 mL centrifuge tube. The tube was then packed with dry ice and placed in a warm water
bath made with hot tap water.
Results
Recently, supercritical CO2 hops extractions have been the focus of many studies, and it
has become a common procedure in the brewing industry.16, 20-22 Therefore, an inexpensive lab
scale extraction process utilizing supercritical CO2 would be useful for further study of this
process. The technique described in the preceding section using centrifuge tubes packed with dry
ice in a warm water bath was an attempt at such an extraction process. However, the centrifuge
tubes used were problematic. The caps of the 15 mL centrifuge tubes did not seal tightly enough
to withstand the pressure generated by the process and the dry ice merely sublimated, allowing
gaseous CO2 to leak out of the tubes. Conversely, the 50 mL centrifuge tubes allowed
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supercritical CO2 to form, but eventually the pressure was great enough to cause the tubes to
rupture, generating a small explosion.
Although the technique was abandoned here, it may be possible to safely use this
technique under properly controlled conditions. In our experiments, we did not adequately
control the water temperature and exact volumes of dry ice, which could potentially be optimized
to limit the pressure generated in the process. If the pressure was adequately controlled,
supercritical CO2 could be generated for a short time and the extraction could occur. However,
for the purposes of this study, this was ultimately deemed too time-consuming to optimize to be
worthwhile.

2.3 - Steam Distillation of Hops
Methods
A sample of UK Kent Golding hops pellets with mass of 13.73 g was placed in a roundbottom flask and crushed with a glass stirring rod. The flask was filled approximately half full
with water, and the apparatus was assembled as shown in Figure 4. The hops were distilled for a
total of 10 hours over 3 days—5.5 hours on day one, 2.5 hours on day two, and 2 hours on day
three. The collected distillate was extracted three times with approximately 30 mL methylene
chloride in a separatory funnel and the organic layers were collected in a round-bottom flask.
The solvent was evaporated, giving an insignificant mass of residue. This residue was analyzed
by 1H-nuclear magnetic resonance spectroscopy (1H-NMR) in chloroform-d.
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Figure 4. Steam distillation apparatus.

Results
Steam distillation has been shown to be a useful extraction process for many of the
essential oils and other compounds found in hops.8,17,18 It should be noted that the -acids are
typically not obtained in significant amounts with this technique. However, the scale required for
the generation of a useful amount of product involves over 100 g of hops boiled for a minimum
of 4–7 hours.17 As a result, when this technique was attempted with 13.7 g hops pellets boiled for
a total of 10 hours, the oil recovered was insignificant. The 1H-NMR spectrum showed that the
residue contained humulene, -caryophyllene, and myrcene, as well as some unidentified
compounds, but lacked any -acids. While this extraction technique could be useful elsewhere,
for the scale and -acid content desired here, a different process was needed.

14

2.4 - Organic Solvent Hop Extraction
Methods
Toluene/Hexane Extraction
A sample of UK Kent Golding hops pellets with mass of 4.87 g was crushed in a small
envelope and placed in an Erlenmeyer flask. The hops were extracted four times with
approximately 25 mL aliquots of toluene while stirring for five minutes, with the extracted
solution collected in a round-bottom flask. The solvent was evaporated via rotary evaporator.
The resulting residue was dissolved in hexane and transferred to a fresh round-bottom flask, and
the solvent was evaporated in the same manner. This generated 1.81 g hops extract.
Methylene Chloride Extraction
Columbus whole hop cones were ground using an electric coffee grinder and 2.6–2.8 g
were transferred to an Erlenmeyer flask. Methylene chloride (100 mL) was added to the flask
along with a stir bar, and the solution was stirred for approximately 90 minutes. The spent hop
material was removed via gravity filtration into a round-bottom flask, and the solvent was
evaporated with a rotary evaporator. This gave 0.92–0.99 g hops extract.
Results
As -acids are well known to be soluble in organic solvents,3,8 it makes sense that the
best results were seen with this extraction technique. This procedure was most successful when
solvents with low boiling points were used. It was first attempted with toluene; however, the
resulting residue contained a large amount of unevaporated solvent. This residue was then
dissolved in hexane, and the resulting residue had much less residual solvent as determined by
1H-NMR. When a fresh extract was required, methylene chloride was used as the solvent due to
its lower boiling point.
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The toluene and hexane extraction resulted in a 37% mass return from the total weight of
hops used, and the methylene chloride extractions gave 34–35% mass return. However, this yield
includes residual solvent as well as any other hops components that are soluble in organic
solvents, including the -acids, -acids, and other soft resins. It has been reported that these
compounds make up a total of 10–25% of the hops weight,3,8 and the hops producers from which
the hops were purchased reported 5.7% -acids for the toluene/hexane extracted hops and 17.8%
-acids for the methylene chloride extracted hops. From the 1H-NMR spectra, it appears more
solvent remained in the toluene/hexane extract when compared to the methylene chloride
extracts. Due to their higher boiling points, it is understandable that the toluene and hexane
would not evaporate as readily as the methylene chloride. This could be a contributing factor to
the lower mass recoveries seen in the methylene chloride extracts, compared to the toluene and
hexane extract.
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Chapter 3: Generation of Compound Library and Comparison to Hops Extracts
3.1 - Materials for the NMR Library
All 1H-nuclear magnetic resonance (1H-NMR) spectra were obtained using a JEOL ECX
400 MHz spectrometer and processed with Delta NMR software. Food-grade standards of
citronellol, β-ionone, β-caryophyllene, trans-2-nonenal, p-mentha-8-thiol-3-one, isoamyl
isobutyrate, linalool, geraniol, α-terpineol, δ-nonalactone, and lactic acid were all purchased
from Sigma-Aldrich, and small samples were transferred using sterile equipment to individual
vials for use in the laboratory to preserve food-safety of remaining compounds. The structures of
these compounds are shown in Figure 5. DCHA-Iso ICS-I3 iso-α-acid standard purchased from
the American Society of Brewing Chemists. A CO2 extract, an “aroma extract,” and hop oil from
10 different varieties of hops were obtained as samples from S.S. Steiner, Inc., and used as
received. Deuterated chloroform was purchased from Cambridge Isotope Laboratories and used
as received.

3.2 - Acquisition of Spectra
1

H-NMR spectra of all compounds in chloroform-d were taken without temperature

control with 32 scans, 66o x-angle, and four second relaxation delay. Spectra were taken of
citronellol, H (400 MHz, CDCl3) = 5.11–5.06 (1H, t of t), 3.73–3.61 (2H, m), 2.05–1.89 (2H,
m), 1.67 (3H, s), 1.42–1.29 (2H, m), 1.21–1.12 (2H, m), 0.89 (3H, d), -ionone, H (400 MHz,
CDCl3) = 7.28 (1H, d, 3CH), 6.08 (1H, d, 4CH), 2.28 (3H, s, 1CH3), 2.06 (2H, t, ChxHa), 1.75
(3H, s, C=CH3), 1.64–1.58 (2H, m ChxHb,c), 1.48–1.45 (2H, m, ChxHd,e), 1.06 (6H, s, Chx(CH3)2), –caryophyllene, H (400 MHz, CDCl3) = 5.31–5.28 (1H, m, 11CH), 4.93 (1H, s, 8CCH2a), 4.81 (1H, s, 8C-CH2b), 2.35 (m, 7CH), 2.30 (m, 10CHa), 2.19 (m, 9CHa), 2.08 (m, 2CHa),
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2.00 (m, 10CHb), 1.98 (m, 9CHb), 1.95–1.87 (m, 2CHb), 1.70–1.68 (m, 4CH), 1.66 (m, 6CH2),
1.60 (m, 1C-CH3), 1.49 (m, 3CH2), 0.99 (3H, s, 5C-CaH3), 0.97 (3H, s, 5C-CbH3), trans-2nonenal,H (400 MHz, CDCl3) = 9.50–9.48 (1H, d, 1CH), 6.87–6.80 (1H, d of t, 2CH), 6.14–
6.07 (1H, q of t, 3CH), 2.35–2.29 (2H, q of d, 4CH2), 1.53–1.43 (2H, m, 5CH2), 1.36–1.24 (8H,
m, 6-8CH2), 0.87 (3H, m, 9CH3), p-mentha-8-thiol-3-one,H (400 MHz, CDCl3) = 2.45 (2H, m,
O=C-CH2), 2.32–2.26 (2H, m, ChxHa,b), 2.02 (1H, t, O=C-CH), 1.94–1.83 (2H, m, ChxHc,d),
1.69–1.58 (1H, m, ChxHe), 1.44 (3H, d, S-C-CaH3), 1.41 (3H, d, S-C-CbH3), 1.01–0.93 (3H, d of
d, Chx-CH3), isoamyl isobutyrate, H (400 MHz, CDCl3) = 4.06 (2H, m, O-CH2), 2.57–2.46 (1H,
m, O=C-CH), 1.73–1.61 (1H, m, 7CH), 1.55–1.47 (2H, m, 6CH2), 1.16–1.14 (6H, d, O=C-C(CH3)2), 0.92–0.90 (6H, d, 7C-(CH3)2), linalool, H (400 MHz, CDCl3) = 5.98–5.87 (1H, q,
2CH), 5.22–5.18 (1H, d of d, 1CH2a), 5.13–5.09 (1H, t of t, 6CH), 5.06–5.03 (1H, d of d, 1CH2b),
2.09–1.93 (3H, m, OH), 1.67 (3H, s, 8CaH3), 1.59 (3H, s, 8CbH3), 1.57 (1H, m, 4CH2a), 1.56
(1H, m, 4CH2b), 1.53 (2H, m, 5CH2), 1.27 (4H, s, 3C-CH3), geraniol, H (400 MHz, CDCl3) =
5.42–5.38 (1H, t of t, 2CH), 5.10–5.06 (1H, t of t, 6CH), 4.15–4.13 (2H, d, 1CH2), 2.12–2.06
(2H, m, 4CH2), 2.04–2.00 (2H, m, 5CH2), 1.67 (6H, s, 3C-CH3 and 8CH3), 1.59 ( 3H, s, 7CCH3), 1.17 (1H, s, OH), -terpineol, H (400 MHz, CDCl3) = 5.38 (1H, s, C=CH), 2.07–2.03
(1H, m, ChxHa), 2.00–1.97 (1H, m, ChxHb), 1.90–1.85 (1H, m, ChxHc), 1.83–1.74 (1H, m,
ChxHd), 1.64 (3H, s, Chx-CH3), 1.54–1.51 (1H, m, ChxHe), 1.50–1.45 (1H, m, ChxHf), 1.19 (1H,
m, ChxHg), 1.18 (3H, s, O-C-CH3), 1.16 (3H, s, O-C-CH3), -nonalactone, H (400 MHz, CDCl3)
= 4.30–4.23 (1H, m, 5CH), 2.61–2.53 (1H, m, 2CH2a), 2.47–2.38 (2H, m, 2CH2b), 1.94–1.87
(2H, m, 3CH2), 1.85–1.65 (2H, m, 4CH2), 1.61–1.55 (2H, m, 6CH2), 1.54–1.44 (2H, m, 7CH2),
1.37–1.27 (2H, m, 8CH2), , 0.92–0.87 (3H, t, 9CH3), and lactic acid, H (400 MHz, CDCl3) =
4.39–4.34 (1H, q, 2CH), 1.50–1.47 (3H, d, 3CH3). Two-dimensional gradient DQF COSY
18

spectra of DCHA-Iso ICS-I3 and -caryophyllene were taken without temperature control at
program standard conditions.

Figure 5. Chemical structures of hop-derived organic compounds.
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3.3 - Comparison of Standards to Commercial Extracts
Based on the 1H-NMR data, the Hopsteiner hop oils and the aroma extract appeared to
contain mostly hop essential oils such as myrcene,32 humulene,23 and β-caryophyllene, with trace
amounts of 2-nonenal, geraniol, α-terpineol, and linalool at varying concentrations depending on
the hop variety, as exemplified by the “nugget” variety hop oil spectra shown in Figure 6. It is
worth noting that the NMR data for myrcene and humulene were obtained from literature,23,32
and the rest were obtained experimentally. As the hop oils are packaged in water and propylene
glycol, protons from those compounds were found in the spectra as well. The spectrum of the
aroma extract indicated that it contained other compounds, though these were not identified. The
1

H-NMR spectrum of the CO2 extract matched well with the 1H-NMR data for the unisomerized

α-acids found in literature.24,25

Figure 6. 1H-NMR spectrum of nugget hop oil in chloroform-d with peaks labeled by compound.
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Chapter 4: Kinetics of -Acid Isomerization
4.1 - Isomerization Materials
Deuterated methanol, deuterium oxide, deuterated acetic acid, and sodium deuteroxide
were purchased from Cambridge Isotope Laboratories. Magnesium sulfate was purchased from
Sigma-Aldrich. Sodium hydroxide was purchased from Fisher Scientific.

4.2 - Magnesium-Catalyzed Isomerization of α-Acids in Hop Extract
Methods
Isomerization reactions were performed based on the procedure from Khatib et al.,27
which was adapted from Köller, and were scaled down to 1 mL for use with nuclear magnetic
resonance (NMR) spectroscopy.33 A stock catalyst solution of 38.2 mg magnesium sulfate and
9.0 mg sodium hydroxide in 1.0 mL deuterium oxide was prepared. Samples of 173 mg
commercial CO2 extract dissolved in 0.750 mL methanol-d4 and 0.250 mL stock catalyst solution
were combined in an NMR tube. The NMR tube was heated in a hot water bath with temperature
increasing from 70 °C to 85 °C over 20 minutes. The temperature was carefully raised to get the
solution in the NMR tube to a boil.
Results
The formation of the iso--acids was confirmed by 1H-NMR and gradient DQF-COSYNMR. Figure 7 shows the spectra before and after heating. The 2’’’ iso--acid peak can be seen
in the heated spectrum at 5.2 ppm, and the 2’’ iso--acid peaks can be seen at 2.38-2.24 ppm.
Additionally, the heated spectrum does not show the 1’’’ -acid peaks at 3.11-2.95 ppm. When
these spectra were compared to the chemical shifts shown by the earlier work by Khatib et al.,
there were some differences that could be attributed to solvent effects, as the Khatib group gave
21

the chemical shifts in deuterated chloroform, while the spectra described here were in a solvent
mixture of deuterated water and methanol. 26,27

-acids

2’’’
iso--acids

iso--acids

1’’’
-acids

2’’
iso--acids

Figure 7. Magnesium-catalyzed isomerization of -acids in methanol-d4. Solid line =
non-heated extract. Dotted line = heated extract.
4.3 - Kinetic Study of Isomerization of α-Acids in Wort Model System
Methods
Procedure 1
The isomerization reaction was performed based on the procedure from Jaskula et al.
scaled down to 1 mL.29 A sample of 1.5 mg commercial CO2 hops extract was dissolved in 0.75
mL methanol-d4 in a glass vial. Then 0.06 mL of this solution—to provide 0.12 mg hops
extract—was combined with a buffer solution of 0.1 M acetic acid-d4, 0.28 M sodium
deuteroxide, and deuterium oxide in an NMR tube for a total volume of 1 mL with a pH of 5.2.
The pH appeared to be 5 as determined with pH paper. The 1H-NMR experiment was set with a
temperature of 85 °C with scans taken every 10 minutes for 70 minutes. However, the -acids
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were not sufficiently soluble in this solution, and as such, the spectra obtained did not yield any
useful data.
Procedure 2
Due to solubility issues that arose with the previous procedure and the temperature limit
of the NMR machine, a new procedure was needed. To address the solubility issues, a buffer
solution of 0.26 M acetic acid-d4 and 0.73 M sodium deuteroxide in deuterium oxide to give a
pH of 5.2 was used, and the amount of hops extract was increased to the point of saturation of
the methanol-d4. For each experiment, a stock buffer solution and a stock hops extract in
methanol-d4 solution were made with enough solution for 8–12 samples of 0.8–1.0 mL total
volume each. These solutions were used to make up either 8 or 12 samples in NMR tubes. In
some experiments, 10 µL benzene was added as an internal standard. In order to observe the
isomerization at a higher temperature than allowed by the NMR machine, the samples were
heated in a hot bath at 90 °C. The samples were removed from the hot bath at intervals of every 5
minutes for an hour, or according to the following schemes: 2, 4, 6, 10, 20, 30, 45, and 60
minutes and immediately placed in an ice bath until they could be analyzed.
Procedure 3
A sample of the 0.26 M acetic acid-d4 and 0.73 M sodium deuteroxide in deuterium oxide
buffer solution was placed in an NMR tube with the hops extract in methanol-d4. A kinetics
experiment was created on the NMR machine to take spectra every 2 minutes for an hour. The
NMR tube was placed in the machine and a preliminary 1H-NMR spectrum was taken, and the
gain value was noted. The temperature was raised to 80 °C. The kinetics experiment was run
with a gain value 4 points below the gain value obtained from the initial scan. After an hour, the
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temperature control was turned off, and the temperature was allowed to settle to room
temperature. Another spectrum was taken when the temperature settled.

Results
The kinetics of -acid isomerization were studied in a model buffer system representative
of the wort boiling step of the brewing process based on the procedure by Jaskula et al (0.26 M
acetic acid-d4/0.73 M NaOD buffer solution; pH 5).29 This simple buffer was used to emulate the
conditions of the wort without interfering with the NMR data obtained. In practice, the wort
would likely have too complex a matrix to obtain useful NMR spectra. A methanol-d4 solution of
the commercial CO2 extract was combined with the buffer solution and heated. iso--Acid
formation was followed by NMR spectroscopy.
It has been shown previously that -acid isomerization to the iso--acids follows firstorder kinetics.29,30 Therefore, the rate of iso--acid formation is proportional to the instantaneous
concentration of -acids during the reaction, show by Equation I:
α

α

(I)

where [iso--acidst] is the molar concentration of iso--acids at a given reaction time, [-acidst]
is the molar concentration of -acids at a given reaction time, and k is the rate constant in s-1.
Integration of Equation I for the forming compound results in Equation II:
(II)
where [-acids0] is the initial molar concentration of -acids, t is the reaction time in s, and the
other variables remain the same as previously stated. Equation II allows for a plot to be made of
–ln(1-[iso--acidst]/[-acids0] versus t, which is beneficial for two reasons. If the graph is linear
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it suggests that the reaction is first-order, and k can be obtained as the slope of the line. The ratio
of [iso--acids]:[-acids] can be obtained from NMR data as shown in Equation III:
(III)
where the area of peak is the normalized peak integration given by the Delta NMR software, and
the number of protons is the known number of equivalent protons that give rise to the given
peak. However, if a compound is being consumed in the reaction, then Equation IV must be
used:
(IV)
where [-acidst] is the concentration of the -acids at time t, and [-acidsf] is the final
concentration of the -acids. When Equation IV is plotted, a linear graph suggests that the
process follows first-order behavior, where k is the negative slope of the line.
To accurately use these equations, appropriate 1H-NMR peaks must be properly selected
and integrated. Peaks were selected so that there is no overlap with any other peak, including
from the other compound. They were then integrated. In experiments where an internal standard
was present, the peak of the standard was selected and normalized to 100. 1H-NMR spectra of
the unheated extract, the -acids, and the iso--acid standard are shown in Figure 8 and Figure 9,
respectively. The spectrum of the iso--acid standard seen in Figure 9 is of the compound
dissolved in methanol-d4 because the spectrum was cleanest in this solvent, and the proton shifts
were very similar to those in the deuterium oxide buffer solution. The peaks labeled “DCHA” are
those from the dicyclohexylamine (DCHA) included as a counter-ion in the iso--acid
standard.34
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For comparison in the same solvent, Figure 10 shows overlapping spectra of the -acids
and iso--acids. It can be seen in Figure 10 that appropriate peaks to measure the kinetics of the
reaction appear to be the 2’’’, 3’’, and 1’’’ of the -acids and iso--acids. The 2’ peaks of
cohumulone, adhumulone, isocohumulone, and isoadhumulone are also sufficiently separate
from any other peaks. There is slight overlap between the cohumulone and adhumulone peaks, as
well as between the isocohumulone and isoadhumulone peaks, but there is no overlap between
the -acids and iso--acids, so the kinetics of these can be measured. However, since it has been
reported that each -acid has a different isomerization rate, the k obtained from these peaks
would not be expected to match the overall -acid isomerization rate.29,30

Figure 8. Hops CO2 extract 1H-NMR spectrum showing the presence of the -acids.
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Figure 9. 1H-NMR spectrum of iso--acid standard in methanol-d4.

Figure 10. Overlapped -acids and iso--acid standard in D2O buffer solution. Solid
line = -acids. Dotted line = iso--acids.
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Figure 11 shows overlapped NMR spectra from an experiment following procedure 2
described above, where the hops extract was heated at 90 °C for 60 minutes. Based on the trends
seen in Figure 11, it appears that three processes happened concurrently over the time of the
reaction. Figure 11a shows that a new molecular species is generated within 2 minutes and
remains unchanged through the rest of the reaction time. It is unclear from where this peak
arises. Figure 11c shows a new set of peaks forming over the reaction time that do not appear to
correspond to any -acid or iso--acid protons. This signal may be due to the formation of a
degradation product of the iso--acids. Figures 12c and 12d show the formation of this product
over the first 30 minutes as a first order process with k = 1.3x10-3 s-1. As seen in Figures 11b and
11d, it appears that peaks arising from the isocohumulone and isoadhumulone 2’ protons and 2’’
protons form over the first 10 minutes and are slowly lost over the rest of the reaction time. As
shown in Figures 12b and 12f, despite being formed at different rates, these peaks are lost at
approximately the same rates: k = 0.5x10-3 s-1 and k = 0.3x10-3 s-1, respectively. Also, this loss
occurs over the same time period for both signals: 6 minutes to 60 minutes. These peaks seem to
indicate that the isomerization proceeded too quickly to observe, and the reaction being
monitored is the first-order degradation of the iso--acids.
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Figure 11. Notable trends from isomerization experiments. a. Unidentified peak appears
immediately after heating and remains the same size. b. Peaks from 2’ of -acids shift
downfield immediately to 2’ iso--acid peaks, then disappear over time. c. Degradation
product peaks forming over time. d. 2’’ iso--acid peaks form immediately, then
disappear over time.

Also, when the final spectra after 60 minutes of heating were compared to the iso--acid
standard in the same buffer system, there was not much agreement in the spectra, as shown in
Figure 13. Notably, the two spectra of the heated CO2 extract match very well. While the iso-acids in the standard are in their DCHA salt forms in which the carbon-3 oxygen atoms are
deprotonated, and it is likely that this alters the electronic environment enough so that the proton
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shifts are changed, this appears to show that the final products observed are not the iso--acids
but appear to be a product of their degradation.
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Figure 12. Kinetic data at 90 °C a. Concentration curve for 2’ peaks of isocohumulone
and isoadhumulone. b. First order linearization of 12a. The first two points are excluded
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curve for unidentified possible degradation product peaks. d. First order linearization of
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Figure 13. Comparison of iso-α-acid standard to two heated hops extract samples.
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Figure 14. Kinetic data at 80 °C. a. Following the growth of the 2’’’ iso--acid peak, the
first 14 minutes of the isomerization reaction when heated at 80 °C appears to follow
first-order reaction kinetics. b. The reaction appears to slow after the initial 14 minutes.
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When the temperature of the experiment was lowered to 80 °C and followed in real time
by NMR, the first 14 minutes appeared to show a first-order reaction as shown in Figure 14a.
Throughout the remaining time, the peak integrations remained generally the same, as seen in
Figure 14b. From the graph in Figure 14a, k can be obtained as the slope of the line: 2.9x10-3 s-1.
When compared to the value found in literature for the reaction at 80 °C, the value reported here
is over 200 times faster than that reported in literature: 0.014x10-3 s-1.29 The difference in rates
could be due to a number of factors, such as the difference in buffer strength, the small scale of
the reaction, or the relative concentration of the three -acids. As it has been reported that the
three -acids have different isomerization rates, a change in their concentrations relative to each
other could change the rate of the overall isomerization. However, further data are required to
fully understand the reason the rate appears to be elevated to such an extreme level.
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Figure 15. Kinetic data for the consumption of -acids. a. The 1’’’ -acid peak is
consumed following first-order kinetics for the first 30 minutes with a k value
significantly lower than the formation of the iso--acids shown in figure 14. b. The
reaction appears to slow after the initial 30 minutes.

Notably, the consumption of the 1’’’ -acid peak shown in Figure 15 proceeds at a much
slower rate that the formation of the 2’’’ iso--acid peak. Also, this process appears to follow
first-order kinetics for 30 minutes, whereas the iso--acid formation only appeared to follow
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first-order kinetics for 14 minutes. As these protons are on adjacent carbon atoms in the reactants
and products, it would be expected that their reaction rates would be very similar, and it is
unclear why this is not the case here.
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Chapter 5: Conclusions and Future Work
Various hop extractions were performed, with the most viable option for further
laboratory use being the organic solvent extractions. Compared to the lab-scale supercritical CO2
extraction and steam distillation, the organic solvent extractions were safer, more time-efficient,
and yielded the highest -acid content. Nuclear magnetic resonance (NMR) spectroscopy was
used to generate a library of many of the compounds commonly found in hops and hop extracts,
which was used to identify the compounds found in various hop extracts. -Acid isomerization
was observed in a magnesium catalyzed system as well as a simple wort model system.
Kinetic data were obtained for the isomerization in the wort model system, and they
suggest that the isomerization reaction proceeded much faster than previously reported in the
literature. When the reaction was run at 90 °C, the isomerization appeared to proceed too quickly
to be measured accurately by NMR, and the iso--acids degraded into unidentified products.
However, signals that appear to be from the iso--acids were formed at different speeds, which
could indicate that the mechanism is more complex than previously thought and that an
intermediate is being formed or that the peaks were misidentified. To slow the reaction to allow
it to be measured with NMR, the temperature was lowered to 80 °C. However, the reaction rate
at 80 °C obtained here was approximately 200 times faster than those previously reported, with
the rate found here k = 2.9x10-3 s-1, and that in literature k = 0.014x10-3 s-1. Data also appeared to
show that the rate of -acid consumption, k = 0.5x10-3 s-1, did not seem to match the formation
of the iso--acids. If the -acids were converted directly to the iso--acids, then these values
should be identical. This, and the generation of unidentified NMR signals as noted in Figure 11,
may suggest that an intermediate is formed between the -acids and iso--acids.
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Once k is known at a range of temperatures, the activation energy (Ea) can be easily
determined by the Arrhenius equation, Equation 4:
(IV)
where k is the rate constant in s-1, A is the pre-exponential factor in s-1, Ea is the activation energy
in kJmol-1, R is the gas constant (8.314 JK-1mol-1), and T is the temperature in K. This equation
can be rearranged to Equation 5, which allows for a plot to be made of ln(k) versus 1/T.
(V)

This gives a linear graph with a slope of –Ea/R, from which Ea can easily be obtained.
The isomerization of -acids to iso--acids was observed and the reaction kinetics was
measured by NMR here in a simple model system. A logical continuation of this work would be
to measure the reaction in its most commonly seen environment, the wort boiling step of the
brewing process. As the rate constant values reported in literature vary even when buffered at the
same pH and heated at the same temperature, the reaction appears to be very sensitive.
Therefore, it is unclear whether any of the reported values will be accurate for the reaction in the
complex wort environment, and a measurement of the reaction kinetics in this environment may
be of use for calculating more accurate -acid dosing for target final iso--acid concentrations.
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